Alteration in crossbridge behavior and myocardial performance have been associated with myosin isoenzyme composition in animal models of myocardial hypertrophy or atrophy. In the hypertrophied human heart, myocardial performance is altered without significant changes in myosin isoenzymes. To better understand this discrepancy, isometric heat and force measurements were carried out in 1) control and volume-overload human myocardium, 2) control, pressure-overload, and hyperthyroid rabbit myocardium, and 3) control and hypothyroid rat myocardium. In control human myocardium, peak isometric twitch tension was 44.0±11.7 mN/mm2, and maximum rate of tension rise was 69.2±21.0 mN/sec mm2. In volume-overload human myocardium, peak twitch tension and maximum rate of tension rise were reduced by 55% (p<0.05) and 65% (p<0.05), respectively. The average force-time integral of the individual crossbridge cycle, calculated by myothermal techniques, was increased by 85%o (p<0.005) in volume-overload human myocardium.
deactivation of the actomyosin system. The key element in myocardial force development or shortening is the crossbridge cycle, in which the myosin crossbridge head attaches to actin, rotates in a manner that develops force or causes shortening with thick and thin filaments sliding past each other, and then detaches from the actin filament to start another cycle. There is an obligatory hydrolysis of one highenergy phosphate bond with each crossbridge cycle.' Alterations in the characteristics of the crossbridge cycle will have a profound effect on the contractile performance of the heart muscle. This has been shown in animal models in which myocardial hypertrophy or atrophy has been induced by hemodynamic or hormonal interventions. [2] [3] [4] [5] In those hearts, alterations in contractile performance have been attributed to changes in myosin isoenzymes, which on a genetic basis are due to expressions of different isoforms of the myosin heavy chain gene. 6 Changes in myosin isoforms from V, to V3, resulting from pressure overload (rabbit myocardium) or hypothyrosis (rat myocardium) are associated with reduced activity of myosin ATPase or myofibrillar ATPase, maximum shortening velocity, and increased economy of isometric force development. [2] [3] [4] [5] [6] [7] [8] The latter is interpreted in terms of altered crossbridge behavior with prolonged attachment time of the crossbridges and reduced crossbridge cycling rate.58 Because of the close relation between myosin isoenzyme type and the myocardial function, energetics, and biochemistry observed within species, it was assumed that the myosin isoform composition of the myocardium is the main determinant of the kinetics of the crossbridge cycle. These findings are not readily applicable to human myocardium. Normal human ventricular myocardium primarily consists of one myosin isoform, V3, and no significant isoform shift is obvious in hypertrophied or in failing human myocardium.910 Furthermore, myofibrillar ATPase activity is reduced while myosin ATPase activity is unchanged in hypertrophied or failing human myocardium.11-' Because of these discrepancies, it is not known whether the crossbridge cycle is altered in the hypertrophied human myocardium.
To address this question and to better understand the role of myosin isoenzymes in regulating crossbridge behavior, myothermal measurements were carried out on control and volume-overload human myocardium and on animal myocardium with different myosin isoenzyme composition. Isometric heat and force can be used to detect and quantitate changes in the individual crossbridge cycle. The experiments were designed to investigate these questions: 1) Is the crossbridge cycle altered in volumeoverload human myocardium? 2) Is the crossbridge force-time integral related to myosin isoenzyme composition across species?
In addition, tension-independent heat, tensiondependent heat rate, and tension-independent heat rate measurements were used to evaluate whether changes in the crossbridge force-time integral are accompanied by changes in excitation-contraction coupling processes during the isometric twitch. Finally, total heat measurements were used to investigate the relation between the crossbridge force-time integral and total myocardial energy consumption within and across species.
Materials and Methods

Myocardial Tissue and Muscle Preparation
Human myocardium. Volume-overload human myocardium (n=10 muscle preparations) was obtained from papillary muscles excised during mitral valve replacement surgery in five patients with severe mitral regurgitation. Of those, three had pure mitral regurgitation, one patient had mitral and aortic regurgitation, and one patient had combined mitral regurgitation and stenosis. Average left ventricular ejection fraction was 62±+5% (range, 54-84%). Four patients were in New York Heart Association functional class III, and one patient was in class IV. The mean age of the patients was 59±8 years. Three were female, and two were male. Previous medication included furosemide (n=5), and digoxin (n=3), captopril (n= 1), and warfarin (n=2). Control myocardium was obtained from papillary muscle tissue of one patient with pure mitral stenosis (n =2 muscle strip preparations) undergoing mitral valve replacement surgery and from subepicardial biopsies obtained during coronary artery bypass surgery from three patients with coronary artery disease (n =4 muscle strips). These patients had normal left ventricular function (left ventricular ejection fraction between 64% and 75%). The mean age of the patients was 66+ 11 years. Two were female, and two were male. Previous medication included digoxin and furosemide in the patient with mitral stenosis and diltiazem (n=2), isosorbide dinitrate (n=2), propranolol (n = 1), and aspirin (n = 1) in the patients with coronary artery disease. Epicardial biopsies (1.5 x 1.5 x 12 mm) were cut from the anterolateral wall of the left ventricle immediately after complete cardioplegia.
The study was reviewed and approved by the Committee on Human Research of the University of Vermont. Patients gave written informed consent before participating in the study.
The excised myocardium was immediately submerged in a special protective solution at room temperature and oxygenated by bubbling with 95% 02-5% C02.16 The protective solution consists of Krebs-Ringer solution to which 2,3 -butanedione monoxime (BDM) was added; the solution contained (mM) Na+ 152, K' 3.6, Cl-135, HCO3-25, Mge+ 0.6, H2P04-1.3, SO42-0.6, Ca2+ 2.5, glucose 11.2, BDM 30, and insulin 10 1U/l. For the muscle strip preparation, we used a new, recently described method,16 by which it is possible to obtain thin ventricular muscle strips from larger pieces of human myocardium. The excised myocardium was clamped between the ends of plastic rods in the protective solution in a dissection chamber. The myocardium could be rotated axially to facilitate dissection, which was performed with microdissection scissors (6-mm blade) and forceps under a x 10 binocular microscope. Strips of muscle tissue were dissected from the main piece and transferred to a similar but smaller dissection chamber also filled with protective solution where sculpting to final dimensions was carried out. Strips were cut parallel to muscle cell orientation. Loops of 4-0 noncapillary braided silk, previously wired with 25-am-diameter platinum stimulating electrodes, were attached to the ends of the preparation with silk ligatures. On completion of the preparation, the muscle strip was allowed to recover for 15-30 minutes. Thereafter, the muscle was mounted to the thermopile and submerged in normal oxygenated Krebs-Ringer solution to wash out the BDM.
Rabbit myocardium. Control myocardium was obtained from 11 albino New Zealand male rabbits (2-2.5 kg). Pressure-overload myocardium was obtained from 10 rabbits in which right ventricular pressure overload was induced by surgical constriction of the pulmonary artery (67% decrease of diameter). In contrast to previous studies,2,8 experiments were performed 2 weeks after surgery, since the degree of hypertrophy is the same at 2 and 4 weeks of pulmonary artery constriction. The right ventricular/ body weight ratio was 0.67±0.03 g/kg. Hyperthyroid myocardium was obtained from eight rabbits in which hyperthyrosis was induced by a daily intramuscular injection of 0.2 mg/kg body wt of L-thyroxine for 14 days. Right ventricular papillary muscles were prepared as described.8 Cardiectomy was performed during CO2 narcosis (35% 02-65% C02).
Rat Myocardium. Control rat myocardium was obtained from seven Wistar-Kyoto rats (180-250 g). Hypothyroid myocardium was obtained from seven Wistar-Kyoto rats in which hypothyrosis was induced by adding 0.8 mg/ml propylthiouracil to the drinking water over a period of 3 weeks.5 Cardiectomy was performed during ether narcosis. Left ventricular papillary muscles were prepared as described.5
Definition of Heat Terms
Total heat is composed of total activity-related heat and resting heat. Total activity-related heat is the sum of recovery heat and initial heat. Initial heat is the heat evolution arising from high-energy phosphate hydrolysis by 1) excitation-contraction coupling (tension-independent heat) and 2) crossbridge cycling (tension-dependent heat). The recovery heat arises from the metabolic resynthesis of high-energy phosphate. The ratio of initial heat to total activityrelated heat is an index of the efficiency of the recovery process. Resting heat rate results from high-energy phosphate hydrolysis and resynthesis by systems that maintain concentration gradients and protein metabolism.
Experimental Protocol
To perform the heat and mechanical measurements, the muscles were mounted on the thermopile in contact with the active region and connected to the force gauge. The muscle and thermopile were then submerged in Krebs-Ringer solution at 21-22°C and stimulated end to end at intervals of 5-6 seconds 20% above threshold. After an equilibration period of 90-120 minutes, the muscles were stretched gradually (0.05-0.1-mm steps) until maximum twitch force was reached; this length is designated lm,. When steady-state conditions were reached at lm, the chamber was drained, and temperature and tension signals were recorded during repetitive stim- ulation (Figure 1 ). After each steady-state recording, stimulation was terminated, allowing the muscle temperature to reach the baseline resting level. The cooling time constant was obtained by passing 106-Hz sine wave current end to end through the muscle, recording the cooling period after terminating this current, and fitting a least-squares monoexponential function to the record. To analyze resting heat rate (after a 15-minute rest period), the muscle was submerged abruptly in temperature-equilibrated Krebs-Ringer solution to determine the temperature difference between the muscle and the reference temperature of the surroundings. From this temperature difference, resting heat rate was calculated as described below. The strategy for partitioning initial heat into tension-dependent heat and tension-independent heat involves the incubation of the muscle in Krebs-Ringer solution containing BDM or mannitol to selectively inhibit the crossbridge cycle without influencing the thermal counterparts of the excitationcontraction coupling process. This allows the tensionindependent heat to be obtained. By subtracting the tension-independent heat from the initial heat, the tension-dependent heat is obtained. For control (n=6) and volume-overload (n=6) human myocardium, the BDM concentration used was 4 mM; for control rabbit myocardium (n = 11), 5 mM BDM plus mannitol (2.1 times normal osmotic strength) was used; and for pressure-overload rabbit myocardium (n = 10), 5 mM BDM was used. For hypothyroid rat myocardium (n=7), 8 mM BDM was used. For control rat (n = 7) and hyperthyroid rabbit (n =6) myocardium, which is less sensitive to BDM, mannitol (2 times normal osmotic strength) was used to partition initial heat. Different doses of BDM were used because of differences in tissue sensitivity to BDM between species and preparations. The BDM concentration for the respective types of myocardium was chosen because this dose produced a value for initial heat and the tension-time integral that did not deviate from the linear relation between initial heat and the tension-time integral established for lower concentrations. This is in accord with the principles of the previous validation of the method.17 After a 15-minute equilibration period in the partitioning solution, the chamber was drained, and the measurements were repeated as described above but with inhibited force. After the measurements, muscle length at lm, was measured with a traveling microscope, and blotted weight of this segment was obtained. The cross-sectional area of the muscle is the quotient of blotted weight to muscle length.
Thernal Measurements and Analysis
Muscle temperature was measured by 14-junction, Hill-type thermopiles fabricated by vacuum deposition of bismuth and antimony junctions on a mica substrate.18 Thermopiles had a temperature sensitivity between 1.08 and 1.32 mVI°C. The average heat loss coefficient was 0.54 mcal/°Csec. Thermopile output was amplified by a chopper amplifier (model 15C-3A, Ancom, Ltd., Cheltenham, UK). Isometric force was measured by a cantilever-beam force transducer. 19 Temperature and force signals were displayed on an oscilloscope and simultaneously recorded on a chart recorder (Gould-Brush model 2400, Gould, Cleveland, Ohio).
Total activity-related heat was calculated from the area between the oscillating temperature signal and the resting temperature baseline, multiplied by the heat loss coefficient and divided by the blotted muscle weight (Figure 1 ). For resting heat calculation, the temperature difference between the resting muscle and the reference temperature of the surroundings was multiplied by the heat loss coefficient and divided by the blotted muscle weight. Initial heat was calculated at the time of complete relaxation of the twitch as follows (Figure 1 ): the temperature difference (vertical arrow) between the evolving temperature record and the falling baseline that would have occurred if stimulation had ceased after the previous twitch is corrected for cooling by the single time constant method described by Hill.20 The corrected temperature is then multiplied by the heat loss coefficient and the cooling time constant and divided by the blotted muscle weight. In prolonged twitches as they occur in human and pressure-overload rabbit myocardium, there is some uncertainty in defining the end of the twitch. However, this does not cause significant error of initial heat calculation, since the end of the twitch always occurred after the initial heat signal had reached its plateau. Use of the Hill method gives initial heat values that are higher than those derived by the Bugnard method21 alone and, therefore, gives lower recovery to initial heat ratios, as previously described.17,22 Tension-independent heat was calculated from the temperature records measured with force inhibited by BDM or mannitol (see above) by the same method used for the initial heat calculations. Tension-dependent heat was obtained by subtracting tension-independent heat from initial heat.
Average tension-independent heat rate was calculated as follows: the tension-independent heat liberated up to the time of complete twitch relaxation was divided by that time. Average tension-dependent heat rate was calculated as follows: assuming continuous liberation of tension-independent heat, tensionindependent heat liberated up to the time of peak twitch tension was subtracted from the initial heat value at time of peak twitch tension, which gives tension-dependent heat up to the time of peak twitch tension; this tension-dependent heat was then divided by time to peak twitch tension.
The average crossbridge force-time integral (fti) was calculated as follows: FTI=nxfti (1) TDHhs=n x AHpCr TDHhs=TDH x hs/lmax (2) (3)
where FTI is the muscle force-time integral, n is the number of crossbridge cycles during one twitch in a muscle length of one half-sarcomere, TDH is the tension-dependent heat of the muscle, AHpc, is enthalpy of hydrolysis of one molecule of phosphocreatine, obtained from the molar enthalpy of phosphocreatine hydrolysis (-35 kJ/mol)23 and Avogadro's number, hs is the length of one halfsarcomere (1.2 ,um16), and TDHh, is tension-dependent heat liberated from a muscle length of one half-sarcomere.
The following assumptions were involved in the calculation of the crossbridge force-time integral: 1) The force-time integral developed by the muscle results from the summation of the force-time integrals of all individual crossbridge cycles in a muscle length of one half-sarcomere24 (Equation 1). 2) During each crossbridge cycle, one high-energy bond is hydrolyzed,' and therefore, tension-dependent heat liberated by a muscle length of one half-sarcomere during the isometric twitch is the product of the enthalpy of hydrolysis of one high-energy bond and the number of crossbridge cycles (Equation 2). 3) Tension-dependent heat liberated by a muscle length of one half-sarcomere is obtained from tensiondependent heat liberated by the muscle times the ratio of half-sarcomere length to integral of the isometric twitch (FTI) by the numbers of crossbridge cycles in a muscle length of one half-sarcomere (n = TDH x hs/lmXx AHpcr from Equations 2 and 3).
To compare total heat and total activity-related heat across species (see Figure 7 ), we have chosen to express total activity-related heat in units of quantity evolved in generating a standard unit tension-time integral ("relative total activity-related heat"). The average tension-time integral for the control human myocardium (74.8 mN * sec/mm2) was used as the standard unit. The relative value was obtained by multiplying total activity-related heat by the ratio of the standard to the individual tension-time integral. Relative total heat is the sum of relative total activityrelated heat plus resting heat per beat. The latter was obtained by multiplying the resting heat rate in milliwatts per gram by the duration of the period between stimuli.
Statistical Analysis
Data are expressed as mean+SEM. To evaluate the statistical significance of differences between the various groups, one-way analysis of variance followed by the Student-Newman-Keuls test was used, or if appropriate, the modified t test and Bonferroni method were applied.25 A value of p<0.05 was accepted as statistically significant.
Results
Mechanical and Myothermal Measurements Within Species
Human myocardium. In control human myocardium, peak twitch tension was 44.0+± 11.7 mN/ mm2, maximum rate of tension rise was 69.2+21.0 mN/sec.mm2, and the tension-time integral was 74.8±20.5 mN * sec/mm2 (Table 1) . Compared with control, in volume-overload human myocardium, peak twitch tension, maximum rate of tension rise, and the tension-time integral were significantly reduced by 55%, 65%, and 52%, respectively (Table  1 ). In volume-overload compared with control human myocardium, tension-dependent heat was significantly reduced by 73% (Table 2 ). There were no significant differences in tension-independent heat, the initial heat to total heat ratio, or the resting heat rate between both types of human myocardium ( Table 2 ). The crossbridge force-time integral was increased by 85% in volume-overload human myocardium ( Figure 2 ). Rabbit myocardium. In control rabbit myocardium, peak twitch tension was 46.1±2.6 mN/mm2, maximum rate of tension rise was 127.5 ±5.9 mN/sec_mm2, and the tension-time integral was 47.6+±4.2 mN,sec/ mm2 (Table 1 ). In pressure-overload and hyperthyroid rabbit myocardium, peak twitch tension was not (Table 1 ). Maximum rate of tension rise was significantly reduced by 49% in pressure-overload myocardium and significantly increased by 36% in hyperthyroid myocardium ( Table 1) . Compared with control, the tension-time integral was not significantly altered in pressureoverload myocardium, but it was significantly reduced by 43% in hyperthyroid myocardium (Table 1) . Tension-dependent heat was significantly reduced by 54% in pressure-overload myocardium and not significantly different from control in hyperthyroid myocardium ( Table 2) . Compared with control myocardium, tension-independent heat was significantly reduced by 59% in pressure-overload myocardium and not significantly changed in hyperthyroid myocardium ( Table 2 ). The initial to total heat ratio was significantly reduced by 20% in pressure-overload myocardium and not significantly different from control in hyperthyroid myocardium ( Table 2 ). There was no significant difference in resting heat rate among the three different types of rabbit myocardium ( Table 2) . Compared with control, the crossbridge force-time integral was significantly increased by 163% in pressure-overload myocardium and significantly reduced by 48% in hyperthyroid myocardium (Figure 2 ). Rat myocardium. In control rat myocardium, peak twitch tension was 56.4+4.4 mN/mm2, maximum rate of tension rise was 354.1 + 24.5 mN/sec mm2, and the tension-time integral was 29.9±+2.9 mN* sec/mm2 (Table 1 ). In hypothyroid rat myocardium, peak twitch tension and the tension-time integral were not significantly different from control (Table 1 ). Maximum rate of tension rise was significantly reduced by 40% in hypothyroid myocardium (Table 1 ). Tensiondependent heat was significantly reduced by 45% in hypothyroid myocardium (Table 2 ). There were no significant differences in tension-independent heat, the initial to total heat ratio, or the resting heat rate between the two types of rat myocardium ( Table 2 ). The crossbridge force-time integral was significantly increased by 102% in hypothyroid compared with control rat myocardium (Figure 2 ).
Comparison Across Species
A comparison of the isometric force and initial heat output for control and volume-overload human myocardium, for control, pressure-overload, and hyperthyroid rabbit myocardium, and for control and hypothyroid rat myocardium is presented in Figure 3 .
Crossbridge force -time integral versus myosin isoenzyme composition. To investigate the relation between crossbridge behavior and the spectrum of myosin isoenzyme mixtures existing across as well as within species, the crossbridge force-time integral was plotted versus percentage of myosin isoenzyme V3 content of the myocardium (Figure 4) . The values for the percentage of V3 content were taken from the literature. 5, 9, 26 With increasing myosin V3 content of the myocardium, there was an increase in the crossbridge force-time integral from control rat to control rabbit to control human myocardium. This relation seems to be maintained in hormonally altered hyperthyroid rabbit and hypothyroid rat myocardium. The extremely high crossbridge force-time integral values in hemodynamically altered human and rabbit myocardium suggest that these data form a separate population. Assuming a linear relation between the crossbridge force-time integral and percentage V3 content of the myocardium for control human, rabbit, and rat myocardium and for hyperthyroid rabbit and hypothyroid rat myocardium, the correlation coefficient was r=0.89 (p<0.05). Volume-overload human and pressure-overload rabbit myocardium were outside the 95% confidence interval of the regression line ( Figure 4) .
Crossbridge force-time integral versus excitationcontraction coupling parameters. A highly significant correlation was observed between the maximum rate of tension rise and tension-dependent heat rate as well as between the maximum rate of tension fall and tension-independent heat rate ( Figure 5 ). This may suggest that tension-dependent heat rate is an index of the rate of activation whereas the tension-independent heat rate reflects the rate of deactivation. Tension-independent heat is an index of the amount of calcium cycling during the isometric twitch. To assess the relation between these excitation-contraction coupling parameters and crossbridge behavior, the crossbridge force-time integral was plotted versus tension-independent heat, tension-dependent heat rate, and tension-independent heat rate. There were significant inverse relations between the variables for all types of myocardium ( Figure 6 ).
Total heat evolution. We were interested in the contribution of the crossbridge force-time integral to relative total heat production and relative total activity-related heat production (Figure 7) . Relative total activity-related heat and relative total heat were highest in the control rat myocardium, which had the lowest crossbridge force-time integral, and smallest in the volume-overload human myocardium, which had the largest crossbridge force-time integral. The linear correlation coefficient between . Representative isometric twitch myograms (upper panels) and simultaneous initial heat evolution (lower panels) in human, rabbit, and rat myocardium. Initial heat is the sum oftension-dependent heat (crossbridge cycling) and tension-independent heat (calcium cycling). Note the relation between the rate of tension rise and rate of initial heat evolution in the various types of myocardium.
relative total activity-related heat and the crossbridge force-time integral was r=-0.88 (p<0.01). When resting heat was included, the linear correlation coefficient between relative total heat and the crossbridge force-time integral was r= -0.84 (p<0.02). The high contribution of resting heat to relative total heat results from the low stimulus rate used in the experiments. Tension-dependent heat rate (mW/g) Tension-independent heat rate (mW/g) FIGURE 5 . Graphs showing relation between maximum rate of tension rise (+dT/dt/T) and average tension-dependent heat rate (left panel) and between maximum rate of tension fall (-dT/dt/T) and average tension-independent heat rate (right panel). The regression lines were calculated from average values. Average tension-dependent heart rate reflects average rate of high-energy phosphate hydrolysis of the crossbridges during time to peak tension. Average tension-independent heat rate reflects the average rate of high-energy phosphate hydrolysis by calcium pumps, predominantly. The numbers in parentheses indicate the different types ofmyocardium: 1, control human (n=6); 2, volume-overload human (n=6); 3, pressure-overload rabbit (n=10); 4, hypothyroid rat (n= 7); 5, control rabbit (n=11); 6, hyperthyroid rabbit (n=6); and 7, control rat (n= 7). Tension-independent heat rate (mW/g) FIGURE 6 . Graphs showing relation between the crossbridge force -time integral and average tension-independent heat (left panel), average tension-dependent heat rate (middle panel), and average tension-independent heat rate (right panel). The linear regression lines were calculated from average values. The numbers in parentheses indicate the different types of myocardium: 1, control human (n=6); 2, volume-overload human (n=6); 3, pressure-overload rabbit (n= 10); 4, hypothyroid rat (n= 7); 5, control rabbit (n=11); 6, hyperthyroid rabbit (n=6); and 7, control rat (n=7).
Discussion
In the present study, we used isometric heat and force measurements to compare energetics of subcellular systems in different types of myocardium. For isometric conditions, no external work is performed, and all chemical energy is converted to heat by the end of the twitch. Heat evolution as measured by sensitive antimony-bismuth thermopiles can be divided into tension-dependent and tension-independent heat, reflecting high-energy phosphate hydrolysis by crossbridge cycling and by excitation-contraction coupling, respectively. Recovery heat arising from oxidative phosphorylation and resting heat from basal metabolism are included when total heat is measured. It should be recognized that tension and heat values, expressed per gram of wet weight, are subject to underestimation because of the presence of nonmuscle tissue. This underestimation may be between 15% Relative total heat 45 30_ Q= is 15~~~~~~~~~~~~~~~~~~~~R U~~~~~~~~~~~~~~~~~~~i E is and 25% according to morphometric measurements in biopsy samples from pressure-and volume-overload human hearts.27,28 However, according to biochemical measurements the nonmuscle tissue content of the myocardium and, thus, the underestimation of tension and heat values would be considerably lower. 29 We emphasize that the combination of tension and heat measurements on the same tissue to calculate crossbridge force-time integral values removes the effect of nonmuscle tissue content entirely.
The pronounced changes in the force-time integral of the individual crossbridge cycle occurring within and across species give important information regarding the relation between crossbridge behavior and myocardial function. The crossbridge force-time integral was found to be increased by 85% in volumeoverload compared with control human myocardium. This suggests that the previous finding of decreased FIGURE 7 . Bar graph comparing total heat within and across species. The order was chosen in order of increasing crossbridge force -time integral. For comparison, total activity-related heat is expressed for a standard tension-time integral by multiplying total activity-related heat by the ratio of the standard to very heat the individual tension -time integral. The average heat tension -time integral for control human myocardium was used as the standard. Resting heat was calculated by multiplying the resting heat rate by the duration of theperiod between stimuli. Relative total heat is the sum of recovery heat, initial heat, and resting heat. Uv-D. a myofibrillar ATPase activity in volume-overload human myocardium11 is related to alterations in crossbridge kinetics. If the increased crossbridge forcetime integral is caused by prolonged attachment time, this would be consistent with reduced ATPase activity being due to a higher actomyosin binding constant.30 Figure 4 confirms previous work that showed that within-species hormonal stresses cause alterations in the crossbridge cycle by causing changes in the myosin isoenzyme composition.5,8 Furthermore, the direct relation between the crossbridge force-time integral and the myosin isoenzyme composition in control and hormonally altered myocardium across species as well as within species more strongly confirms that myosin type is a dominant regulator of crossbridge behavior in these hearts. However, as indicated in Figure 4 , the control of actin-myosin interaction by myosin isoforms is no longer dominant when myocardium is altered by hemodynamic influence. This distinction was not obvious when comparisons were made within species only.5>26 The inclusion of additional data points across species in Figure 4 reveals the existence of two populations of data points: one including control and hormonally altered myocardium; the other, hemodynamically altered myocardium. This suggests that the changes in the crossbridge behavior from control myocardium to volumeor pressure-overload myocardium are dominated by alterations in factors other than myosin isoenzyme shifts. Perhaps structural distortion caused by hemodynamic stress activates an additional means of altering crossbridge function. Such alteration could result from changes in myosin light chain type. Presence of atrial-type myosin light chain 1 has been observed in left ventricular myocardium from patients with mitral regurgitation.28 In addition, the alteration could result from thin filament changes, such as shifts in troponin T isoform as reported to occur in failing human myocardium. 31 Regulation of the crossbridge cycle at a level different from the myosin molecule would also explain why myosin ATPase is unchanged and myofibrillar ATPase is reduced in hypertrophied human myocardium.11-15 It is of particular interest that this additional means of control can influence the crossbridge cycle as strongly as do changes in myosin isoenzyme. It should also be recognized that the variation in the crossbridge force-time integral across and within species could be influenced by selective activation of coexisting V1 and V3 myosin isoenzymes.32 This, of course, cannot be true in the human myocardium, since it consists of essentially one myosin isoform.
Across species, from control rat to control rabbit to control human myocardium, the increase in myosin isoenzyme V3 content and the crossbridge force-time integral goes parallel with increasing heart size and decreasing basal heart rate. From an energetics point of view, the increased force-time integral of the individual crossbridge cycle means increased economy of isometric force development of the muscle, since a higher force-time integral is obtained per unit of high-energy phosphate hydrolyzed. On the other hand, assuming that alterations in the crossbridge force-time integral result from changes in crossbridge attachment time and that attachment time influences maximum shortening velocity and relaxation rate of the muscle,33 an increased force-time integral of the individual crossbridge cycle would cause reduced maximum shortening velocity and relaxation rate of the muscle. Therefore, the abbreviated crossbridge force-time integral in the rat heart decreases the economy of force production but enables high heart rates and high shortening velocity in rat myocardium. In the rabbit and human heart, the protracted attachment time increases the economy of force production at the expense of reduced maximum heart rate and shortening velocity.
To investigate whether differences in the crossbridge force-time integral vary in parallel with changes in excitation-contraction coupling processes, tension-independent heat, the average tension-dependent heat rate, and the average tension-independent heat rate were correlated with the crossbridge forcetime integral. Tension-independent heat reflects highenergy phosphate hydrolysis by excitation-contraction coupling processes and, thus, by calcium pumps, predominantly.17 Under steady-state conditions, calcium release equals calcium removal; therefore, tensionindependent heat is an index of the amount of calcium cycling during the isometric twitch. The method used to obtain tension-independent heat, that is, elimination of contractile force with BDM and/or mannitol, has recently been investigated and validated.17 It should be mentioned that Gibbs,34 using the shortening method for evaluating tension-independent heat in rabbit myocardium, obtained values that are roughly equivalent to our measurements. However, in a recent paper, Gibbs et al,35 using a latency release technique to evaluate tension-independent heat, reported considerably higher values of tension-independent heat; the difference was discussed by Alpert et al.17 In the present study, within species, calcium cycling was significantly reduced in pressure-overload rabbit myocardium, whereas peak twitch tension and the tension-time integral were not significantly altered. This indicates that, with respect to force development, reduced calcium cycling is compensated by an increased crossbridge force-time integral or by changes in calcium sensitivity, calcium buffer systems, or rate of calcium removal. This is not the case in the volume-overload human myocardium, in which peak twitch tension and the tension-time integral were significantly reduced with an insignificant reduction of tension-independent heat. Whether decreased peak twitch tension and the tension-time integral in volume-overload human myocardium reflect myocardial failure is speculative and deserves further investigation. Average tension-dependent heat rate reflects the average rate of high-energy phosphate hydrolysis by crossbridges and, thus, the average number of crossbridge interactions per unit of time during the contraction phase of the isometric twitch. Figure 5 shows the close correlation between average tension-dependent heat rate and the maximum rate of teinsion rise across species. Assuming that the cycling rate of a single crossbridge may be as low as 1-3 Hz in the isometric twitch of rat myocardium,36 the tensiondependent heat rate during the first 260 msec of the twitch (time to peak tension in rat myocardium) results predominantly from the rate of crossbridge activation rather than from multiple cycles of the individual crossbridge. Average tension-independent heat rate reflects the average rate of calcium removal, which should be the major determinant of muscle relaxation. This is supported by the strong correlation between average tension-independent heat rate and maximum rate of tension fall across species. As illustrated in Figure 6 , across all types of myocardium there are close inverse relations between the crossbridge force-time integral and tension-independent heat, the average tension-dependent heat rate, and the average tension-independent heat rate. This demonstrates a tendency for coordinated changes in the excitation-contraction coupling system to accompany changes in the contractile system. The smaller the force-time integral developed by the individual crossbridge cycle, the higher the amount of calcium cycling and the rates of activation and deactivation. These synergistic changes of crossbridge behavior and excitation-contraction coupling processes may be necessary from the viewpoint of systolic and diastolic performance of the myocardium.
Total heat is the appropriate myothermal index of myocardial oxygen consumption. Therefore, oxygen consumption of the myocardium would be expected to vary within and across species in the same way as shown in Figure 7 . The differences in relative total heat and relative total activity-related heat observed between the different types of myocardium are closely related to differences in the crossbridge force-time integral. Since differences in total heat and, therefore, in oxygen consumption per beat are important for the survival of the organism from the viewpoint of energy balance, changes in the crossbridge cycle can have a profound effect on the survival of organisms.
Resting heat reflects the energy turnover to achieve structural, ionic, and electrical homeostasis of the myocardium. This includes ion transport across membranes and protein synthesis. Considerable differences in resting metabolism between species have been reported recently.3437 These species differences have been attributed to differences in protein synthesis and to continuous ion pumping across mitochondrial, sarcoplasmic reticulum, and sarcolemmal membranes. 34, 37 The present results indicate that basal metabolism is not influenced by hemodynamic or hormonal stresses and is not related to the myosin type in the myocardium.
In summary, the present findings show that the crossbridge cycle is altered in volume-overload human myocardium, resulting in an increased crossbridge force-time integral. Regulation of the cross-bridge cycle is dominated by the myosin isoenzyme type in control and hormonally influenced myocardium; this is not the case in hemodynamically altered myocardium (increased preload, increased afterload), where unknown factors dominate the regulation. Differences in the crossbridge force-time integral in the various types of myocardium parallel the differences in excitation-contraction coupling processes, indicating synergistic changes in the crossbridge force-time integral and excitation-contraction coupling. Across and within species, the crossbridge force-time integral is a major determinant of myocardial energy consumption. Therefore, by altering the crossbridge force-time integral, hormonal or hemodynamic influences can have pronounced effects on myocardial energy requirements.
